We examined the transfer function of autonomic heart rate (HR) control in anesthetized sedentary and exercise trained (16 weeks, treadmill for 1 h, 5 times/wk at 15m/min and 15° grade) rats for comparison to HR variability assessed in the conscious resting state. The transfer function from sympathetic stimulation to HR response was similar between groups (gain, 4.2 ± 1.5 vs. 4.5 ± 1.5 beats min 
Introduction
Heart rate variability (HRV) is considered to be a useful noninvasive assessment of autonomic nervous system activity. It has been well recognized that exercise training increases HRV at rest (4, 19). A recent meta-analysis by Sandercock et al. (28) demonstrated that exercise training results in significant increases in R-R interval and high frequency (HF) power of HRV. Nevertheless, not all studies have demonstrated increases in HRV after exercise training (7).
To date, the exact mechanisms underlying increases in HRV after exercise training remain to be elucidated. Many earlier studies have suggested that the augmentation of HRV induced by exercise training may be caused by a withdrawal of sympathetic tonus and/or an increase in vagal tonus (5, 14, 36).
Autonomic tone assessed by HRV may reflect both the autonomic outflow from the central nervous system and the peripheral autonomic regulation of atrial pacemaker cells. The latter can be assessed quantitatively by examining the heart rate (HR) response to electrical stimulation of the autonomic nerves.
Further, recent studies suggested that peripheral autonomic regulation of atrial pacemaker cells could contribute to the exercise training-induced increases in cardiac vagal function (9, 10).
Equivocal results, however, have been reported using autonomic nerve stimulation. Regarding the vagal system, the effects of exercise training have been inconsistent among studies, showing both increases (9, 10) and reductions in vagally stimulated HR control (25). When considering the sympathetic system, a previous study demonstrated that the HR response to sympathetic stimulation was reduced by exercise training (22). However, the mechanisms underlying the training effect are controversial (3, 15, 26, 29, 33, 35) . These equivocal results could be explained by differences in species and modes of exercise training among studies (i.e., exercise type, intensity, and duration etc.). More importantly, since these studies of autonomic nerve stimulation did not evaluate HRV, a causal relationship between increased HRV and adaptation in peripheral autonomic HR control remains largely undetermined. Furthermore, despite the fact that HRV has been evaluated using frequency domain as well as time domain analyses, to date, there are no reports available examining the effects of exercise training on the dynamic HR response to sympathetic or vagal stimulation in the frequency domain. Analysis of peripheral autonomic regulation in the frequency domain would advance our understanding of the mechanisms responsible for the alterations in HRV that occur in response to exercise training.
We have recently developed a technique to assess the dynamic characteristics of HR control by the autonomic nervous system in rats using transfer function analysis (21). The transfer function analysis can quantitatively evaluate the HR response to autonomic nerve stimulation over a wide frequency range which is necessary for interpreting the generation of HRV. Therefore, the aims of the present study were i) to identify the dynamic characteristics of sympathetic and vagal HR control in exercise trained rats and ii) to determine whether alterations in peripheral autonomic regulation contribute to changes in the frequency components of HRV in exercise trained rats.
Materials and Methods

Animal care and training program.
Animal care was in accordance with the "Guiding Principles for Care and Use of Animals in the Field of Physiological Sciences," approved by the Physiological Society of Japan. All protocols were reviewed and approved by the Animal Subjects Committee of the National Cerebral and Cardiovascular Center.
Fourteen male Sprague-Dawley rats (200 ~ 250g body weight) were fed standard laboratory chow and water ad libitum and housed (3 per cage) in a temperature-controlled room with a 12:12-h dark-light cycle. Rats were randomly assigned to one of two groups: sedentary (n = 7) and exercise trained (n = 7).
Exercise training was performed on a motor-driven treadmill, 5 days/wk for 16 wk, gradually progressing toward a speed of 15 m/min at 15° for 60 min.
Sedentary rats walked (10m/min at 15°) 10 min/d once per week during the 16-week period to maintain treadmill familiarity. At the end of the 16-week period, maximal exercise capacity was measured twice in each rat in tests separated by 2 days (6). The protocol for the maximal exercise capacity test consisted of walking at 10 m/min for 5 minutes followed by 2 m/min increases in speed every 2 minutes until the rat reached exhaustion. Rats were considered exhausted when they failed to stay off of a shock bar.
Assessment of autonomic tone in the conscious resting state
After the performance test, three steel electrodes were implanted under anesthesia. These electrodes were utilized for monitoring the electrocardiogram. R-R interval was measured using a cardiotachometer (AT601G, Nihon Kohden, Tokyo, Japan). On the first day of the study, which was 24 h after electrodes had been implanted, resting HR was recorded to analyze the R-R interval variability in the quiet unrestrained rat which was kept in a small box. In accordance with a previous study (25), autonomic tone was assessed by intraperitoneal injections of methylatropine (3 mg/kg) and propranolol (4 mg/kg). Immediately after resting HR was recorded, methylatropine was injected. Since the HR response to methylatropine reached its peak in 10-15 min, this time interval was allocated before the HR measurement. Propranolol was injected after methylatropine injection, and again the HR was measured after 10-15 min. Intrinsic HR was evaluated after simultaneous blockade by propranolol and methylatropine.
Sympathetic tonus was defined as the difference between the HR after methylatropine injection and intrinsic HR. On the second day, propranolol was administered first to obtain the inverse sequence of blockade. Vagal tonus was defined as the difference between the HR after propranolol injection and intrinsic HR.
Sympathetic and vagal stimulation
Surgical Preparations. After obtaining data for the assessment of autonomic tone and HRV, rats were anesthetized by a mixture of urethane (250 mg·ml 
Statistical analysis
All data are represented as mean ± SD. Data were analyzed using unpaired t-tests (sedentary vs. exercise trained) or two-way repeated measures ANOVA.
Values of P < 0.05 were considered to be significant.
Results
Physical characteristic
Morphometric characteristics and exercise capacity for sedentary and exercise trained rats are presented in Table1. The mean body weight of the exercise trained rats was significantly smaller than that of the sedentary rats.
The mean ventricular weight of the exercise trained rats was slightly but significantly smaller than that of the sedentary rats. Consequently, the ventricular weight normalized by body weight was significantly greater in the exercise trained compared to the sedentary group. The lung weight to body weight ratio was not different between the groups. Exercise capacity was 64% greater in the exercise trained than in the sedentary group. The reproducibility of measuring the maximal exercise capacity was reasonably high (y = 1.2x -226.1, R 2 =0.79, x and y represent the first and second measurements).
Spectral analysis of HRV and autonomic tone in the conscious resting state
The power spectral densities of R-R interval are shown in Table 2 . The percentage of LF power was significantly smaller and the percentage of HF power was significantly greater in the exercise trained rats than in the sedentary rats. The LF/HF ratio in the exercise trained rats was significantly smaller compared with that in the sedentary rats. HR at rest was significantly lower in the exercise trained compared to the sedentary group (Fig. 1A) . The intrinsic HR was similar between the groups (Fig. 1A) . Although the sympathetic tonus was comparable between the groups, the vagal tonus tended to be greater (P = 0.08) in the exercise trained compared to the sedentary group (Fig. 1B) . (Table 4 ). Figure 2B shows the calculated step response of HR to sympathetic stimulation. The steady-state response and the 80% rise time did not differ significantly between the groups (Table 4) . Figure 3A illustrates the dynamic transfer function characterizing vagal HR control. The frequency band effect (P < 0.0001) and the group effect (P < 0.0001) were both significant in the dynamic gain values of the vagal transfer function by two-way repeated measures ANOVA. The estimated dynamic gain (see Appendix) tended to be greater in the exercise trained compared to the sedentary group (P = 0.06, Table 6 ). Other parameters did not differ between the groups. Figure 3B shows the calculated step response of HR to vagal stimulation. The calculated steady-state response in the exercise trained rats also tended to be greater than that in the sedentary rats (P = 0.06, Table 6 ). There was no significant difference in the 80% fall time between the groups.
Dynamic sympathetic and vagal transfer functions
Dynamic gain values of sympathetic and vagal transfer function corresponding to HRV frequency bands
When dynamic gain values of the sympathetic transfer function were averaged for the VLF and LF (up to 0.5 Hz, see Methods) bands, the frequency band effect was significant but the group effect was insignificant by two-way repeated measures ANOVA (Fig. 4A) . When dynamic gain values of the vagal transfer function were averaged for the VLF, LF, and HF (up to 1 Hz, see Methods) bands, the frequency band effect was insignificant but the group effect was significant such that the dynamic gain was significantly greater in the exercise trained compared to the sedentary group (Fig. 4B) .
Static sympathetic and vagal transfer function
The increase in HR with stepwise sympathetic stimulation was similar between groups (Fig. 5A) . The stimulation frequency effect was significant while the group effect was insignificant by two-way repeated measures ANOVA. In contrast, the decrease in HR with stepwise vagal stimulation was greater in the exercise trained compared to sedentary rats (Fig. 5B) . Both the stimulation frequency effect and the group effect were significant. 
Discussion
Validity of exercise training
The relative ventricular hypertrophy and higher exercise capacity in the exercise trained compared to the sedentary group suggested that exercise program used in the present study was sufficient to induce physiological adaptations commensurate with an effective training stimulus. As is well known, exercise training induces bradycardia at rest (Fig. 1A) . Moreover, changes in the spectral parameters for R-R interval (Table 2 ) and autonomic tone (Fig. 1B) induced by the exercise training are consistent with earlier studies in rats (30, 31).
Effect of exercise training on sympathetic and vagal transfer function
Exercise training altered neither dynamic (Fig. 2) nor static sympathetic transfer function (Fig. 5A) . These results are different than those reported in a previous study in which swim training significantly reduced the HR response to sympathetic nerve stimulation in a double atrial/right stellate ganglion preparation in guinea pigs (22) . The discrepancy between investigations may have arisen from differences in the nerves experimentally stimulated (cervical sympathetic nerve vs. stellate ganglion), animal species studied (rats vs. guinea pigs), and/or experimental preparation utilized (in vivo vs. ex vivo). The mechanisms underlying the sympathetically mediated exercise training effect on HR are also controversial. For instance, chronotropic responsiveness to isoproterenol has been reported to be decreased in one study (15) but unchanged in another (22) by exercise training. Further, in response to exercise training, the density and affinity of β-adrenoceptors in the heart have been shown to be reduced in some reports (26, 33) while unchanged in others (3, 34,
35).
Exercise training augmented the dynamic gain of the vagal transfer function (Fig. 2) . The effect of exercise training was also significant for static vagal transfer function (Fig. 5B) . These results are in agreement with previous studies showing that exercise training significantly augmented the HR response to vagal nerve stimulation in a double atrial/right vagal nerve preparation using mice (9, 10). In contrast, Negrao et al (25) demonstrated that the HR response to vagal stimulation was depressed in exercise trained rats. A possible explanation for this disparate result is that the arterial baroreflexes remained intact in the experimental preparation used in the study (25). In contrast, sinoaortic baro-denervation was performed in the present investigation to minimize baroreflex-mediated changes in sympathetic efferent nerve activity. Although this method of stimulation is quite different from the physiological pattern of neuronal discharge, the coherence was near unity over the frequency range of interest. This finding indicates that the system properties do not vary considerably in response to different patterns of stimulation.
Conclusion
In the present study, it was demonstrated for the first time that exercise training did not alter dynamic sympathetic control of HR while it did augment dynamic vagal control of HR. In addition, the group effect was significant with regard to the dynamic gain values for the vagal transfer functions corresponding to VLF, LF, and HF bands. This finding suggests that enhancements in the peripheral vagal control of HR may, at least in part, contribute to the exercise induced augmentation in HRV in healthy rats.
Appendix: Transfer function analysis
The dynamic transfer function from binary white-noise stimulation to the HR response was estimated based on the following procedure. Input-output data pairs of the stimulation frequency and HR were resampled at 10 Hz in order to be consistent with our previous study (21). Subsequently, data pairs were partitioned into eight 50%-overlapping segments consisting of 1,024 data points 
To quantify the linear dependence of the HR response on vagal or sympathetic stimulation, the magnitude-squared coherence function [Coh(f)] was estimated employing the following equation (20):
Coherence values range from zero to unity. Unity coherence indicates perfect linear dependence between the input and output signals; in contrast, zero coherence indicates total independence between the two signals.
Since the transfer function from sympathetic stimulation to HR response in rats approximated a second-order low-pass filter with pure delay (21), we determined the parameters of the sympathetic transfer function using the following equation:
where K is dynamic gain (in beats·min Values are means ± SD. † P < 0.05 compared to pre-stimulation. 
